Duck hepatitis B viruses (DHBV), unlike mammalian hepadnaviruses, are thought to lack X genes, which encode transcription-regulatory proteins believed to contribute to the development of hepatocellular carcinoma. A lack of association of chronic DHBV infection with hepatocellular carcinoma development supports this belief. Here, we demonstrate that DHBV genomes have a hidden open reading frame from which a transcription-regulatory protein, designated DHBx, is expressed both in vitro and in vivo. We show that DHBx enhances neither viral protein expression, intracellular DNA synthesis, nor virion production when assayed in the full-length genome context in LMH cells. However, similar to mammalian hepadnavirus X proteins, DHBx activates cellular and viral promoters via the Raf-mitogen-activated protein kinase signaling pathway and localizes primarily in the cytoplasm. The functional similarities as well as the weak sequence homologies of DHBx and the X proteins of mammalian hepadnaviruses strongly suggest a common ancestry of ortho-and avihepadnavirus X genes. In addition, our data disclose similar intracellular localization and transcription regulatory functions of the corresponding proteins, raise new questions as to their presumed role in hepatocarcinogenesis, and imply unique opportunities for deciphering of their still-enigmatic in vivo functions.
Since the identification of hepatitis B virus (HBV) in humans, several related viruses have been isolated from mammalian and avian species (9, 53, 68) . These viruses, known as hepadnaviruses, display high liver tropism, have a narrow host range, and cause acute and chronic hepatitis. Chronic infection with mammalian hepadnaviruses (orthohepadnaviruses) is associated with the development of liver cancer.
The hepadnaviruses are small enveloped DNA viruses with a unique virion ultrastructure. The viral genome is a partially duplexed, relaxed circular DNA molecule (rcDNA) with a size of about 3 kb which upon entry of the cell is converted into a covalently closed circular episome. This covalently closed circular DNA is then transcribed by the host RNA polymerase II, synthesizing subgenomic mRNAs and a greater-than-genomelength RNA known as pregenomic RNA or C-mRNA. Distinctive for all hepadnaviruses is the method of replication by reverse transcription of the pregenomic RNA into rcDNA. Transcripts encoding the envelope proteins, the nucleocapsid protein, the polymerase protein (P protein), and, as exclusively described so far in orthohepadnaviruses, the X protein have been identified. The organization of the viral genome is very compact, with overlapping reading frames and promoters and enhancer elements located within coding regions (20) .
The X proteins of orthohepadnaviruses affect signal transduction pathways, transcription, cell transformation, and proliferation (1, 8, 46, 70) . The HBV-specific X protein (HBx) is expressed in vivo, as shown by immunohistology and indirectly by identification of an HBx-specific immune response in infected individuals (64) . In vivo expression of the X protein (WHx) has been demonstrated most convincingly for woodchuck hepatitis B virus (WHV)-infected animals (14, 32) . HBx and WHx are predominantly localized in the cytoplasm, but a small fraction has also been found in the nucleus and associated with the nuclear framework (13, 15, 26, 49, 54, 69) . HBx transactivates a wide range of cellular and viral promoters (1, 8, 46, 70) . It acts, for instance, as a cytoplasmic activator of known mitogenic signal transduction pathways, in particular the Ras-Raf mitogen-activated protein (MAP) kinase cascade (2, 4, 15, 34, 47, 67) . Thus, it can activate a variety of transcription factors and modulate cellular gene expression. HBx also activates transcription directly through protein-protein interactions (11, 26, 27, 44, 50, 51) . Further interactions with components of the proteasome (19, 30, 31, 57) , a DNA repair protein (33, 40) , and a cellular factor with an inhibitory effect on the transactivation properties of HBx (45) have been characterized which offer explanations for the pleiotropic effects of HBx.
In vivo experiments have shown that WHx is required for the establishment of chronic infection (10, 72) , but HBx is not essential for replication in hepatoma cells (6) . Since HBx has these multiple effects on regulatory cellular pathways, it has been speculated that it might be involved in the development of hepatocellular carcinoma (1, 8, 46, 70) . HBx-mediated oncogenic transformation of immortalized rodent cells (29, 59, 61) and development of hepatocellular carcinoma in some strains of transgenic mice (35, 62, 71) support this speculation. The p53-dependent and -independent pro-and antiapoptotic, as well as cell cycle-regulatory, effects of HBx may also contribute to hepatocarcinogenesis (3, 5, 12, 17, 35, 60, (65) (66) (67) . Despite the many studies of functions of mammalian X proteins, there are so far no data as to the precise structure of X-specific mRNA in infected cells from which this protein is translated (70) . Infection of Pekin ducks with duck hepatitis B virus (DHBV) is the most convenient and useful animal model for studies of the life cycle of hepadnaviruses but is less suitable for studies of hepadnavirus-mediated hepatocarcinogenesis because chronic infection of ducks with DHBV does not appear to be associated with the development of liver cancer (16) . This is believed to be due to the absence of an X gene in all known DHBV isolates. Although X-protein-like sequences were proposed to be present in the middle of the DHBV nucleocapsid protein (DHBc) (18) , functional similarities of DHBc with the mammalian hepadnavirus X proteins have never been identified. Moreover, the existence of an open reading frame (ORF) in the hepadnavirus genomes isolated from grey herons (48) , snow geese (9), a Ross goose (48), and white storks (H. J. Netter, S.-F. Chang, and H. Will, unpublished observation) in a position similar to that of the X gene of orthohepadnaviruses argues that an X-like protein may be expressed from avian hepadnavirus genomes.
These findings prompted us to investigate whether avian hepadnaviruses also express an HBx-like regulatory protein. Here, we demonstrate that such a protein is indeed encoded by a hidden DHBV ORF located at a position analogous to those of the X genes of mammalian hepadnaviruses. Furthermore, we show that this protein is expressed in vitro and in vivo and has functions similar to those of the X proteins of mammalian hepadnaviruses.
MATERIALS AND METHODS

Plasmids.
A head-to-tail dimer of the DHBV3 isolate genome was inserted via EcoRI into the vector pUC18, which resulted in plasmid pDHBV3. To prevent the expression of X-like proteins, an analogous plasmid (pDHBV3-X-K.O.) that contains a stop codon in each of the two X-like ORFs of the tandemerized DHBV3 genomes was produced as follows. By oligonucleotide-directed mutagenesis, a Gto-A nucleotide change which converts the codon for tryptophan (TGG) at amino acid position 28 in the X-like ORF into a stop codon (TAG) was introduced at position 2371. To achieve this, DHBV3 DNA was amplified with the primers DHBV2144(ϩ) and DHBV2371GA(Ϫ) and, in a separate reaction, with the primers DHBV257(Ϫ) and DHBV2371GA(ϩ). The mixture of both amplified products was used as a template in a second PCR performed with the primers DHBV2144(ϩ) and DHBV257(Ϫ). The product of this PCR was digested with NcoI and EcoRI, and then the 0.67-kb fragment which contained the mutation was purified. The corresponding wild-type fragment was replaced with the purified PCR fragment, and then the mutated monomeric DHBV genome was head-to-tail dimerized.
Several plasmids for expression of DHBx under the control of the cytomegalovirus (CMV) promoter were constructed by inserting the following XbaI/HindIII PCR fragments into vector pRK5 linearized by the same restriction enzymes. Primers DHBV3-His-M1X and DHBV-X-stop were used to amplify from DHBV3 DNA a fragment coding for a fusion protein which begins with six histidines, followed by a methionine and then the complete DHBx sequence (plasmid pDHBV3-M1X). For the construction of plasmid pDHBV3-M28X, the primers DHBV3-His-M28X and DHBV-X-stop were used to amplify a similar DNA fragment which encodes the same fusion protein except for the first 27 amino acids of DHBx. Plasmid pDHBV3-M28X-stop is almost identical to pDHBV3-M1X but has a stop codon instead of a tryptophan codon at position 28 of DHBx. The corresponding PCR fragment was obtained by using pDHBV3-X-K.O. as a template and primers DHBV3-His-M1X and DHBV3-X-stop.
Constructs used for the analysis of C-gene promoter activity were obtained by amplification of the core promoter regions (nucleotides 1658 to 2520) using pDHBV3 or pDHBV3-X-K.O as a template and the primers DHBV1557(ϩ) and DHBV2520-HindIII. The PCR products were digested with BamHI and HindIII and then cloned into BglII and HindIII sites of the pGL3 basic vector (Promega, Madison, Wis.). This resulted in plasmids pGL3-wt and pGL3-X-K.O. The expression plasmid for the HBV X protein was reported previously (56) .
Cell lines and transfection procedures. The chicken hepatoma-derived LMH cells were maintained in Dulbecco's modified Eagle's medium-F12 medium (Gibco/BRL). Human hepatoma cells (HepG2 and HuH-7), human embryonal kidney cells (293), and African green monkey kidney cells (Cos7) were grown in Dulbecco's modified Eagle's medium. The cell lines were transfected with the help of the FuGene6 reagent; by lipofection, using DOTAP (Roche Molecular Biochemicals, Pentzberg, Germany) according to the manufacturer's instructions; or by calcium phosphate precipitation.
Luciferase, chloramphenicol acetyltransferase (CAT), and ␤-galactosidase assays. The transfected cells (HepG2 and LMH) were harvested at day 2 after transfection and lysed in Tris buffer (250 mM; pH 7.8) by five cycles of thawing and freezing. The protein concentration of the lysate was determined by the Bradford assay. Twenty micrograms of protein was used for the luciferase activity assay (Roche Molecular Biochemicals) according to the manufacturer's recommendations. A plasmid expressing ␤-galactosidase was cotransfected, and the level of expression of this enzyme was used as an internal standard. All assays were done in duplicate, and all experiments were repeated at least once by performing two or more independent transfections.
For the CAT assay, 8 ϫ 10 5 HepG2 or 293 cells were transfected with the reporter construct pSV2-CAT, p3xAP-1-CAT, or p2xNF-B-CAT and with the large HBV envelope protein expression plasmid pSVLM-S or the different plasmids expressing HBx or the DHBV X-like proteins. To inhibit the activity of c-Raf-1 kinase, 2.5 g of the plasmid expressing the transdominant-negative mutant HCR13.1 (36) or pErk2tdn (kindly provided by W. Fantl, San Francisco, Calif.) was used for transfection. Transfection efficiencies were standardized by cotransfection of a luciferase reporter plasmid containing the luciferase gene under the control of the nonstimulatable minimal promoter of pTK-luciferase. The CAT activity was determined by using a commercial enzyme-linked immunosorbent assay system, and the luciferase activity was determined as described above.
Antibodies raised against peptides specific for DHBx. The sequences of peptides X2 (ILLTAHPGTNRLIGR) and X3 (GYVELKNYTPLLRSC) correspond to DHBx amino acids 46 to 60 and 76 to 90 derived from the DHBV1 genome, respectively. The sequence of peptide p759 (AVVPCDCTFGMYHCL) is identical to the C-terminal end of the predicted X-like protein of HHBV4 (48) and almost identical to the corresponding region of DHBx proteins. All three peptides were conjugated to keyhole limpet hemocyanin and then injected into rabbits (subcutaneously and intramuscularly) to raise the ␣-X2, ␣-X3, and ␣-p759 antibodies. A recombinant protein containing the complete DHBx sequence predicted from the ORF was expressed in Escherichia coli by using the expression vector pQE9 (Qiagen, Düsseldorf, Germany), which places a sixhistidine tail at the protein's N terminus. To construct this recombinant plasmid, a DNA fragment encoding DHBx was generated by PCR using the primers DHBV3-2289X and DHBV3-X-stop. This fragment was then digested with BamHI and HindIII and cloned into the vector linearized by the same restriction enzymes. The recombinant protein was purified according to the procedure provided by the plasmid manufacturer and then injected into two rabbits. The resulting antisera (␣-DHBV3X) were used as a mixture for immunoblotting.
Indirect immunofluorescence staining. The Cos7 cells were grown on coverslips and transfected with plasmids expressing the DHBV3-M1X, DHBV3-M28X, and HBx proteins with N-terminal tags of six histidines under the control of the CMV promoter. The cells were fixed in methanol for 5 min at Ϫ20°C, and then incubated for 30 s in acetone. The fixed cells were incubated for 1 h at room temperature with an ␣-six-His monoclonal antibody (Clontech, Palo Alto, Calif.) diluted 1:5,000 in phosphate-buffered saline (PBS). For detection, a fluorescein isothiocyanate (FITC)-conjugated ␣-mouse immunoglobulin antibody (Dianova, Hamburg, Germany), diluted 1:200 in PBS, was applied.
Immunoblotting. The cells were rinsed with PBS and then directly lysed in sodium dodecyl sulfate (SDS) loading buffer. The samples were boiled, separated by SDSpolyacrylamide gel electrophoresis, and transfered to a nitrocellulose membrane or a polyvinylidene difluoride membrane. The blots were incubated with rabbit antiserum raised against DHBV-X peptides (␣-X2, ␣-X3, or ␣-p759) or a mouse antiserum specific for the six-histidine tag (Clontech). This procedure was repeated three to four times to increase the sensitivity of detection. The proteins were then visualized after being incubated with an appropriate peroxidase-coupled secondary antibody followed by incubation with a chemiluminescence substrate.
DNA and protein sequence analyses. Sequence analysis was performed with the software provided by MacVector (Oxford Molecular Group, Oxford, United Kingdom) and with the package provided by the Wisconsin Genetics Computer Group. The X-protein sequences of all hepadnaviruses used for alignment were taken from GenBank (National Center for Biotechnology Information, Bethesda, Md.). Accession numbers were as follows: DHBV1, X58567; DHBV3 (see reference 63); DHBV26, X58569; snow goose hepatitis B virus 15 (SGHBV15), AF110997; Ross goose hepatitis B virus (RGHV), M95589; heron hepatitis B virus type 4 (HHBV-4), M22056; HBV, J02203; ground squirrel hepatitis virus, K02715; and WHV, M11082.
Synthetic oligonucleotides.
The following oligonucleotides were used: DHBV3-His-M1X; 5Ј-GCTCTAGATGCATCACCATCACCATCACCATCAC TTAAACCTCGATGCCTC-3Ј; DHBV3-His-M28X, 5Ј-GCTCTAGATGCATC ACCATCACCATCACCATCACTGGCCAAACAGTTGCTC-3Ј; DHBV3-Xstop, 5Ј-TCATAAACGATGGTACATACC-3Ј; DHBV-2371GA(ϩ), 5Ј-GCTG TGTTAGCCAAACAG-3Ј; DHBV-2371GA(Ϫ), 5Ј-CTGTTTGGCTAACACA GC-3Ј; DHBV2520-HindIII, 5Ј-CCAAGCTTAGCCTGTGTGGAATATATAT TGC-3Ј; DHBV1557(ϩ), 5Ј-GGCTTGCTGTATCTGACGG-3Ј; DHBV257(Ϫ), 5Ј-CCACGAGGTTTTCTAGTACC-3Ј; DHBV2144(ϩ), 5Ј-CCTTTGCCACGT GTAGC-3Ј; and DHBV3-2289X, 5Ј-CGGGATCCATGTTAAACCTCGATGC CTC-3Ј.
RESULTS
Identification and characterization of the DHBV-specific Xlike ORF. The genomes of all known avihepadnaviruses, except those of DHBV, contain an ORF in a position analogous to that of the X gene of mammalian viruses. It was previously speculated but not experimentally proven that a protein with functions similar to those of mammalian hepadnavirus X protein may be expressed from these ORFs (9, 48) . We considered it unlikely that DHBV lacks such an ORF and therefore investigated whether DHBV genomes have X-like ORFs without a conventional translation initiation codon from which an X-like protein could be synthesized. Inspection of the sequences of all DHBV genomes deposited in the GenBank database revealed such an ORF in a position analogous to those of X and X-like ORFs known for all other hepadnaviruses. Provided a conventional translational start codon is used for expression of an X-like protein of HHBV, RGHV, and SGHBV (Fig. 1A) (note that only a selective set of the known DHBV, SGHBV, and HHBV sequences is shown) and a nonconventional codon at the very amino-terminal end is used in the case of DHBV (Fig. 1B) , the corresponding DHBV X-like protein could be longer than all other putative avihepadnavirus X-like proteins.
There is over 90% sequence identity among the putative X-like protein sequences of all DHBV isolates (data not shown). In addition, the homology of the deduced X-like protein sequences among the various DHBV isolates and the evolutionarily most closely related SGHBV is more than 80% (Fig. 1A) . In contrast, the homology between the corresponding sequences of DHBV isolates and the more distantly related HHBV or RGHV ranges only between 40 to 50% (Fig. 1A) . In general, sequence identity and similarity among the various X-like proteins are higher in the C-terminal region than at the amino-terminal end (Fig. 1A) . This is in part due to the length variation of the X-like ORFs. For instance, all DHBV genomes encode a putative X-like protein with a maximum of 114 amino acids, except the isolates DHBV22 and DHBV26, which lack the first 7 amino acids at the very N terminus (Fig. 1A and data not shown) . Moreover, the X-like ORFs of all other known avihepadnaviruses have a conventional AUG translation initiation codon from which translation of the protein could be initiated, but it is located at different positions for each member of the avihepadnaviruses (Fig. 1A) . HHBV, which is most distantly related to DHBV, may therefore express the shortest X-like protein of all hepadnaviruses. All of the avian hepadnavirus X-like proteins deduced from the DNA sequences have only very low primary sequence similarity to mammalian X proteins (see below).
Detection of DHBx expression in chronically infected duck liver. In order to determine whether a protein is expressed from the X-like ORF of DHBV, we produced antibodies against specific synthetic peptides with amino acid sequences from different regions of the predicted protein (␣-X2, ␣-X3, and ␣-p759) and against a recombinant DHBV X protein expressed in E. coli (␣-DHBx) and used them to provide direct evidence for expression of DHBx in vivo. When extracts of livers of chronically infected ducks were analyzed by immunoblotting, three of the four antisera reacted with a protein of 12.5 kDa. No reactivity at the corresponding position was observed in the noninfected liver sample (Fig. 2A) . Immunoblots of both liver extracts with polyclonal anti-core and anti-preS antibodies performed as controls showed expression of core and preS proteins in the infected liver only (Fig. 2A) . Taken together, these data indicate that a protein is expressed from the X-like ORF of DHBV in the chronically infected liver.
A protein is expressed from the DHBV X-like ORF in LMH cells transfected with full-length DHBV DNA. Next we tested whether the protein encoded by the X-like ORF of DHBV is also expressed in vitro. Chicken hepatoma (LMH) cells were transfected with plasmid pDHBV3, which contains a dimeric full-length genome of isolate DHBV3, as well as with plasmid pDHBV3-X-K.O, which contains the corresponding knockout mutant with a stop codon in the X-like ORF. The expression of the protein encoded by the DHBV X-like ORF was then analyzed by immunoblotting with the X-specific peptide antisera and cell extracts of the transfected cells. In LMH cells transfected with pDHBV3, a weak but specific band corresponding to a protein with an apparent molecular mass of approximately 12 kDa was identified (data are shown for ␣-X2 peptide antiserum [ Fig. 2B] ). These bands were not observed in untransfected cells or in cells transfected with the DHBV-X knockout mutant DNA. These data strongly indicate that a protein, designated DHBx, is expressed from the X-like ORF of the DHBV3 genome in a cell culture system and that is identical in size to that expressed in chronically infected duck liver.
DHBx affects neither viral protein expression nor viral DNA synthesis in LMH cells. In order to investigate whether DHBx affects the expression of structural proteins of DHBV, we analyzed the expression of the preS and core proteins in LMH cells after transfection with plasmids containing the DHBV3 wild-type genome or the mutated DHBV3 genome, which contains a stop codon within the X ORF. This was done by immunoblotting the cell extracts using DHBV preS-and DHBV core protein-specific antisera. Equal loading of the slots with proteins was controlled by measuring the amount by the Bradford assay (data not shown). Comparison of the lanes of the blot with extracts derived from cells transfected with the wildtype and X-K.O. genomes showed similar levels of preS and core proteins (Fig. 3A and B) . The transfection efficiencies obtained with the two genomes were very similar, as was evident from the fact that the same amount of ␤-galactosidase (variability, less than 10% [data not shown]) was expressed from a cotransfected reporter plasmid. The amounts of intracellular replicative intermediates and of secreted virions were also very similar for all viral genomes, as was evident from the corresponding Southern blots with DNA extracted from the transfected cells and from the secreted virus particles (Fig. 3C and  D) . Northern blotting of poly(A)-containing RNA from cells transfected with both viral genomes revealed neither a significant difference in the types and amounts of mRNAs expressed nor an mRNA which might be transcribed from only the DHBx coding region (Fig. 3E) . These data indicate that DHBx expression af-fects neither core and preS protein expression nor viral DNA synthesis and virion secretion in cell culture. In addition, these data suggest that DHBx has no strong modulatory effect, if it has any at all, on the steady-state levels of viral transcripts and may itself be translated either from a very minor DHBx-specific mRNA or from any of the other viral mRNAs.
The knockout mutation introduced into the X-like ORF (stop codon TAG at positions 2370 to 2372), which is also located in the core promoter region (43, 55) , may have affected core promoter activity, viral mRNA half-life, and viral protein translation efficiency without a notable effect on overall steadystate levels of viral proteins compared to the wild-type genome. In order to examine the possible effect on core promoter activity, we tested the core promoter activities of DNA fragments (nucleotides 1658 to 2520) which cover the X-like ORF of DHBV3 with and without the knockout mutation. These fragments were cloned upstream of the luciferase reporter gene into the eukaryotic promoterless plasmid pGL3 (Fig. 4A) . After transfection into LMH and HuH-7 cells, similar promoter activities were measured when comparing the wild-type fragment and the X-K.O. mutant-specific fragment ( Fig. 4B and C) . However, the activities of two promoter fragments were more than 100-fold higher in LMH cells than in HuH-7 cells. Taken together, these results indicate that the core promoter activity was not altered by the X-K.O. mutation, confirming our conclusion that DHBx has no significant effect on core protein synthesis. Subcellular localization and electrophoretic mobility of tagged DHBx proteins. The low level of DHBx protein expression in full-length DHBV DNA-transfected cells and DHBVinfected livers prevented unequivocal subcellular localization of DHBx by indirect immunofluorescence staining. To circumvent this problem, we expressed DHBx with N-terminal histidine tags under the control of a strong foreign promoter (the CMV IE promoter). In these constructs we forced translation of the tagged DHBx mRNA to initiate at the codon corresponding to amino acid position 1 or 28 or to stop at the codon of the DHBV X-like ORF corresponding to amino acid 28 by introducing a start (AUG) and/or stop codon at the corresponding positions, plasmids pDHBV3-M1X, pDHBV3-M28X, and pDHBV3-M28X-stop, respectively. This was done because the authentic translation initiation codon of DHBx is not known and because analysis of the sizes of these DHBx proteins by immunoblotting may provide hints as to the location of the DHBx translation initiation codon.
Expression of the tagged DHBx proteins was examined by immunoblotting 2 days after the transfection of different cell lines (LMH, Cos7, and 293) with these constructs. When the aminoterminal X-specific peptide sera ␣-X2 and ␣-X3 were used, Histagged DHBV-M1X and -M28X proteins of the expected sizes (ca. 15 and 10 kDa) were detected ( Fig. 5 and data not shown) . Since the size of the DHBx expressed under authentic viral promoter control is 12.5 kDa and the polyhistidine tag usually increases the electrophoretic mobility by only approximately 1 kDa, it is possible that the nonconventional translation codon used in vivo is located between amino acid positions 1 and 28. Unexpectedly, immunoblotting of proteins from cells transfected with pDHBV3-M28X-stop performed with ␣-X2 resulted in a specific, albeit weakly stained, band corresponding to a protein with an apparent molecular mass of 8 kDa (Fig. 5) . This band may correspond to an amino-terminally truncated DHBx protein synthesized by translation initiation at a nonconventional start codon downstream of the stop codon at position 28.
For subcellular localization of the tagged DHBx proteins by indirect immunofluorescence staining, transfected Cos7 cells were examined using a polyhistidine-specific monoclonal antibody and a FITC-labeled anti-mouse antibody. DHBx proteins expressed from pDHBV3-M1X and -M28X proteins were detected predominantly in the cytoplasm (Fig. 6, top) , with the most intense staining close to the nuclear membrane, a pattern identical to that seen with HBV-specific histidine-tagged HBx protein (Fig. 6 ). These results demonstrate that HBx and DHBx have similar subcellular distributions. (28), was contransfected. In HepG2 cells, all three promoters tested were stimulated by DHBx proteins expressed from constructs pDHBV-M1X and -M28X, but not by the putative amino-terminally truncated DHBx expressed from construct pDHBV-M28X-stop (Fig. 7A, left) . Therefore, the first 28 amino acids encoded by the X-like ORF are dispensable for the transactivation function whereas most of the remaining sequences are needed. All three promoters were transactivated about fivefold by DHBx, which is similar to the value obtained by the expression of the control protein LHBs. Similar transactivation profiles were obtained in 293 cells when the same plasmids were used (Fig.  7A, right) . These results demonstrate that DHBx is a promiscuous transactivator of promoters of cellular and viral origin which functions in liver as well as in non-liver-derived cells.
The transcription activation function of HBx, and also of LHBs, is mediated by cytoplasmic signaling cascades which lead to activation of the Raf-MAP kinase pathway (2, 28, 47) . In order to determine whether the transactivation activity of the DHBx protein is also mediated by the Raf-MAP kinase cascade, the plasmids expressing the DHBV-M1X and DHBV-M28X proteins were cotransfected into HepG2 cells with plasmids expressing dominant-negative mutants of Raf and ERK2 (28) . In this assay, the CAT reporter gene was expressed under the control of a promoter containing the AP1 response element known to mediate activation of the Raf-MAP pathway. Both dominant-negative proteins, Raf and ERK2, effectively inhibited both the transactivation activity of the control LHBs and that of the DHBx proteins (Fig. 7B) . Expression of luciferase from a cotransfected control plasmid was unaffected, which rules out the possibility that the observed inhibition of activation is due to nonspecific cytotoxicity or squelching (data not shown). These data imply that transactivation of promoters by DHBx depends on the activation of the Raf-MAP kinase cascade pathway.
DISCUSSION
Although the functions of mammalian hepadnavirus X-proteins have been studied in great detail in vitro, there is still much debate about the in vivo relevance of many of these findings. One reason for this is the lack of a convenient animal system, such as DHBV-infected ducks, which would allow detailed in vivo studies to be performed. The presumed lack of an X gene in DHBV has frequently been used as a strong argument for the association of chronic hepadnavirus infection with the development of liver carcinoma in mammals but not in ducks. In our study we challenge this view by demonstrating the existence and expression of a hidden ORF located at a position analogous to that of mammalian hepadnavirus X genes. The corresponding protein, DHBx, was shown to have a transcription-regulatory function and subcellular localization strikingly similar to those documented for the mammalian hepadnavirus X-proteins. The data presented indicate that ducks chronically infected with DHBV provide a convenient animal model to unravel the still-enigmatic in vivo functions of X proteins and suggest that X genes were present in hepadnavirus genomes early in evolution but diverged in sequence through host adaptation. Our data also suggest an in vivo function of X proteins in the life cycles of all hepadnaviruses.
Comparison of the primary protein sequences of DHBx and the X proteins of mammalian hepadnaviruses revealed low similarity when appropriate artificial deletions for optimal alignment are introduced (Fig. 8) . This may indicate similar three-dimensional structures of both types of protein even though secondarystructure predictions are not in strong favor of this possibility (data not shown). Alternatively, both types of proteins may have evolved into different structures capable of activating the same signaling pathways. Consistent with this speculation is a recent report of very similar transactivation mechanisms induced by HBx and the regulatory protein Tax of human T-cell leukemia virus, which also have no primary sequence similarity (51) .
Our data raise the question as to why DHBx and all other putative avian X proteins are smaller than their mammalian hepadnavirus counterparts. One possible answer is that avian X proteins have fewer functions and cellular interaction partners. Alternatively, the avian X proteins may lack only specific putative co-oncogenic functions believed to be associated with the X proteins of mammalian hepadnaviruses. For instance, DHBx may lack a domain functionally homologous to the first 50 aminoterminal amino acids of HBx, which are apparently sufficient for transformation of immortalized cells (23) . Recent evidence suggesting that stop codons immediately upstream of the DHBxencoding ORF (42) may have been lost during evolution supports this speculation. Furthermore, DHBx, unlike HBx, may not upregulate the expression of the proinflammatory cytokines, such as tumor necrosis factor ␣ and interleukin 6 (39, 41) , because liver inflammation believed to contribute to HBV-mediated tumor on October 14, 2017 by guest http://jvi.asm.org/ development is virtually absent in chronically infected ducks. We consider this less likely because the transcription-regulatory function of HBx proposed in most previous reports to play a role in hepatocarcinogenesis appears to be quantitatively and qualitatively similar in DHBx. In addition, the minimal sequence length of HBx shown to be required for transcriptional transactivation and interaction with most cellular proteins (22, 30, 38, (50) (51) (52) ) is similar to that of DHBx. We have shown predominant cytoplasmic localization of DHBx when it is overexpressed under the control of a strong foreign promoter, and most studies of HBx have led to a similar intracellular staining pattern. However, our studies do not exclude the possibility that a proportion of DHBx is also in the nucleus but escaped detection due to its small amount or inaccessibility to our antibodies. The increasing evidence for the existence of nuclear WHx and HBx and the difficulties associated with their detection by immunostaining or cell fractionation (13, 15, 26, 49, 54, 69) are in favor of this possibility. As there is no obvious nuclear localization sequence in DHBx, it is conceivable that a fraction of DHBx is transported to the nucleus by a piggyback mechanism or by passive diffusion and binding to a nuclear protein, similar to what has been demonstrated or speculated previously for mammalian X proteins (13, 15, 26, 49, 54, 69) . The low level of DHBx expression in the infected liver is reminiscent of the difficulties in detecting HBx and WHx in infected livers. It was estimated that a WHV-infected woodchuck hepatocyte contains only about 1,000 to 10,000 molecules of WHx (14) , and this level probably needs to be kept very low to prevent toxic or proapototic effects (5, 12, 14) .
At present, we can only speculate as to how DHBx is produced. While splicing events could create RNA molecules with a conventional AUG start codon for DHBx translation, conserved sequences indicative of intron-exon boundaries are not evident. In contrast to DHBV, all the other avihepadnaviruses contain an X-like ORF with a conserved AUG start codon which may serve as the translation initiation codon for the corresponding proteins. It is conceivable, therefore, that synthesis of DHBx starts at a position corresponding to a nonconventional start codon on an unspliced mRNA. The detection of a strong promoter within a 200-bp-long region upstream of the DHBx ORF in LMH cells transfected with corresponding reporter constructs (preliminary data not shown) supports this assumption. However, corresponding mRNAs extracted from DHBV-infected ducks are neither detectable by Northern blotting (Fig. 3E) nor evident in S1 mapping and primer extension studies (7) . It is conceivable that a terminally redundant mRNA very similar in size to and comigrating with the pregenomic RNA is the template for DHBx translation. Similar to what has been shown for HBV, such a DHBx mRNA may be initiated upstream of the DHBx coding region and processed only at the second transit of the single processing or poly(A) site, as reported for an HBx mRNA (25) . There are numerous reports describing initiation of translation at non-AUG codons of both cellular and viral mRNAs (21, 24, 37) . Within the DHBx-encoding ORF of DHBV3, there are several in-frame non-AUG start codons (Fig. 1B) which may be used for translation initiation. The sizes of DHBx proteins artificially initiated at codon 1 (15 kDa) or 28 (10 kDa) as expressed under foreign promoter control and those expressed in full-length DHBV DNA-transfected cell lines and in infected livers (12 kDa) would be compatible with DHBx translation initiation between codons 1 and 28 of the hidden ORF. Taking this into account, only 3 of 10 potential alternative translation codons described for eukaryotes and viruses are potential candidates: codons CUG, UUG, and AUU at positions 8 or 26, 12 or 25, and 24, respectively. Mutagenesis of these codons and the corresponding adjacent region should provide a clear answer as to which, if any, of these are used and whether a specific IRES-like structure of the corresponding mRNA is present and required for correct initiation of translation of DHBx. Potential translation of DHBx from a minor undetectable mRNA is an alternative possibility which needs to be investigated by techniques more sensitive than those currently available. Furthermore, our data also do not exclude the possibility that DHBx is synthesized by the processing of a viral fusion protein which may be produced by ribosomal frameshifting or from a spliced mRNA, similar to what is known for other viral proteins.
As pointed out in a recent review, it has been very difficult to define the exact roles of X proteins in vivo because of the necessity of working with woodchucks (70) . DHBV infections in ducks represent the most convenient animal system and provide unique opportunities to study the in vivo functions of X proteins in the hepadnavirus life cycle, establishment of chronic infection, and immune surveillance. In addition, studies can also be performed with duck primary hepatocytes derived from embryonated eggs, which are easy to prepare and permissive for infection. Thus, for instance, the hepatocyte differentiation-dependent effect of hepadnavirus X protein reported recently (65) can also be studied without the necessity for an animal facility. Finally, the availability of viral genomes from avian hepadnaviruses from different species allows Xgene-swapping experiments to be performed, which may uncover possible viral genome-and host-specific differences in avian X-protein functions, similar to those initiated for ground squirrel hepatitis virus and WHV (58) .
